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There is little relationship between eukaryotic RNA-
directed RNA polymerases {RDRs}, viral RNA-dependent
RNA polymerases {RdRps) and DNA-dependent RNA
polymerases, indicating that RDRs evelved as an
independent class of enzymes early in evolution. In

fungi, plants and several animal systems, RDRs play a~

key role in RNA-mediated gene silencing [post-transcrip-
tional gene silencing (PTGS) in plants and RNA
interference (RNAI) in non-plants] and are indispensable
for heterochromatin formation, at least, in Schizosac-
charomyces pombe and plants. Recent findings indicate
that PTGS, RNAi and heterochromatin formation not
only function as host defence mechanisms against
invading nucleic acids but are also involved in natural
gene regulation. RDRs are required for these processes,
initiating a broad interest in this enzyme class,

identification of plant RNA-directed RNA polymerases

The activity of a plant RNA-directed RNA polymerase
(RDR) was detected ~ 35 years agoin a search for enzymes
that catalyse the replication of plant RNA viruses [1].
Upen infection with a virus, RDR activity was elevated,
pointing to the misleading conclusion that RDERs are
involved in wvirus replication. Tt turns out that virus
genomes are not amplified by plant RDRs but by virus-
encoded RNA-dependent RNA pelymerases (RdRps) {2,3].
In plants, six RDRs (RDRI-RDRG) are expressed (see
below) but RDR2-RDR6 are expressed poorly. Viruses
produce their own RdRp; therefore, any attempt to isolate
plant RDRs from virus-infected material suffers from the
difficulties in distinguishing between the plant and viral
RNA polymerase activities [4]. RDRI is induced upon
virus [2,3] and viroid infection [4] and by salicylic acid
treatment [5], Viroids do not code for proteins and their
RNA/RNA replication is entirely dependent on host
enzymes [6]. Thus, RNA polymerase activity that is
detectable in vircid-infected plants must exclusively
griginate from host enzymes. Winfried Schiebel and
co-workers took advantage of a virus replicase-free system
and used viroid-infected tomato plants as a source to
isolate the fivst plant RDR, now termed LeRDR1 {7,8]. The
physicochemical [7] and in vitro catalytic [9] properties of
, the LeRDR1 were characterized (Box 1). In addition, the
LeRDEI ¢DNA was isolated [8]. However, the biclogical
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funection of the LeRDR1 remained elusive and could not be
associated with virus and viroid replication.

Momenclature of RNA-directed RNA polymerases

In view of the considerable advances in characterizing
specific funections of RNA-directed RNA polymerases, the
current nomenclature is outdated — the main purpose of
this article is to propose an updated consistent terminol-
ogy for this class of enzymes. Initial studies on an enzyme
that transcribed RNA from RNA templates were pub-
lished in 1963 [10,11]. This enzyme, which was termed
RNA-dependent RNA polymerase, was encoded by a
phage and not by a plant. Its biclogical function is to
replicate the phage genome. Further characterization of
virus genome-replicating enzymes led to the identification
of numerous virus-encoded RdRps [12]. The first report on
eukaryotic RNA polymerase activity appeared in 1971 [1].
The corresponding enzyme was isolated from Chinese
cabbage and was analogous to the phage and viral
enzymes termed RNA-dependent RNA pelymeraze. A
series of studies on RNA polymerase activity in different
plant species was subsequently published. Eventually, in
1981, all enzymes that catalyse RNA-template-directed

" extension of the 3'-end of an RNA strand by one nuclestide

at 4 time were annotated in the IUBMB enzyme
nomenclature database (http://www.chem.qmw.ac.uk/
iubmblenzyme) as RNA-directed RNA polymerases (EC
2.7.7.48). However, to date, the terms RNA-dependent
RNA polymerase and RNA-directed RNA polymerase, as
well as the asseciated acrenyms RdRp and RdRP, are
similarly used for viral replicases and host enzymes.

The abbreviation for plant EdRP genes was recently
changed to RDE [13l. In the Arabidopsis thaliana
genome, six sequences were identified displaying signifi-
cant homelogy to LeRDRI [14]. They were specified as
AtRDRI-AtRDR6. However, based on phylogenetic anal-
ysis of all identified RDRs (see Supplementary material),
we suggest renaming the Arabidopsis genes as AtRDRI,
AtRDR2, AtRDR3a, AtRDR3b, AtEDR3c and AtRDRS
(see below), Plant orthologues of the tomato RDE founder
sequence [8] are now termed RDRI, and orthologues
associated with de novo methylation and heterochroma-
tin formation are known as RDR2. The name of the
Arabidopsis SDE1/SGS-2 homologues that are invelved
in PTGS will remain unchanged (RDR6) and, based on
the unique DFDGD amine acid sequence motif of
their catalytic domain (see Supplementary material),
RDR3-RDR& will be renamed RDRE3a-RDR3c. In
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Box 1. Biochemical properties of eukaryotic RMA-directed
RNA polymerases

To date, there are only three reporis on the biochemical character-
ization of plant purified or recombinant RDR activity [9,27,41].
Winfried Schiebel and co-workers [9] showed that the tomato
RDR1 catalyses RNA synthesis jn vitro. Using a CpG dinucleotide
as a primer, the LeRDR1 synthesized full-length complementary RNA
from 13-nt ssRNA as well as from 14-nt ssDNA templates. They
further demonstrated that unprimed RNA transcription could be
initiated at the 3' terminus of ssRNA and ssDNA tempiates. In
addition to the transcription capacity, the LeRDR1 possesses a
lerminal transferase activity that preferentially adds adenosine or
guanosine residues to the 3’ ends of the RDR1 products. dsDNA did
not serve as a substrate for any of the LeRDR1 activities.

Transitive silencing in plants requires the production of secondary
5iRNAs, which, in lurn, depends on a functional RDR6. In plants,
silencing spreads in 5°—3' and 3'-8' directions [36,39,40], although a
preference for the 5-3 direction was observed [40], RNA synthesis
proseeds only in the B'-3' direction, Thus, the preferential §'-3'
spreading of silencing implies that RDR6 mainly acts in a primer-
independent manner. However, siRNAs might marl templates for
copy RNA synthesis in that the AGO1-bound siRNAs serve as
bridging molecules to tether the RDR6E to the 3’ end of the
target RNA,

Similarly, a recombinant QDE-1 catalysed both un-primed and
primer-dependent RNA synthesis in vitro [27]. Compared with the
unprimed function, primer extension was inefficient and probably
not the main function af QDE-1. Interestingly, maost known
polymerases rely on a de novo initiation mechanism [74,75] with
only a few exceptions where short ofigonuciectides or proteins are
used as primers. The recambinant QDE-1 produced full-lengih
dsRNA from ssRNA templates, and initiated de novo RNA synthesis
at internal template sites more efficiently, which generated 9-21-nt
complementary RNA molecules scattered along the entire template.
Thus, itis reasonabie to speculate that the 21-nt products are directly
loaded onto an Argonaute protein to guide a RISC-like nuclease
complex to its target.

In wheat germ extracts, RDR activities resulted in the copying of
exngenous ssRNA inlo complementary RNA of approximately
template tength [41}. These data confirmed the previous results
indicating that at least scme of the plant RDRs do not require
primers to transcribe ssRNA. However, ssHNA was not added in
physiological concentrations to the wheat germ extracts. In
summary, the biochemical analysis data are consistenl with our
PTGS model in that RDRs appear to generate complementary
RNA from ssRNA templates by un-primed and primed mechan-
isms. In the context of our model, it will be interesting to
elucidate whether plant RDRs are able to use mature mRNAs as a
tempiate or whether only abRNAs are copied.

addition, the taxon abbreviation of the species could be
prefixed. For example, the tomato KDRI gene could be
named LeRDRI, indicating its origin from Lycopersicon
esculentum. Accordingly, the presenl terminology [lor
AtRdRP1 (Arabidopsis) [14], NtRdRP1 (Nicotiana taba-
cum) [61 and MtRARP1 (Medicago truncatule) [15]
genes could then be AtRDRI, NtRDRI and
MtRDRI, respectively.

The nomenclature became confusing when genetic
analysis of mutants presented the first experimental
evidence for RDR involvement in gene silencing. The
identified genes were named and numbered according to
the phenoctypic appearance of the corresponding mutants.
For Neurospora crassa, transgene-induced gene silencing
is known as quelling. An RDR orthologue that was
igolated from a genetic screen {in which mutants were
impaired in gene silencing) was consequently specified as
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‘quelling-defective gene 1" (RDE-1) [16]. The Arabidopsis
AtRDEG gene was initially named in accordance with gene
silencing-deficient mutants. Tamas Dalmay and co-
workers {17] reported that the ‘silencing-defective gene
1’ (SDE1) shared substantial homology with LeRDEI. In
parallel, Philippe Mourrain and co-workers [18] found
that the ‘suppressor of silencing gene 2’ (§GS-2) corre-
sponded to the same gene. Mutations of the Coenorhabdi-
tis elegans ‘enhancer of Gip-One gene’ (E(GF0-1) exhibited
defects in germ-line development [19]. Later, it became
evident that the EGO-1 product is a component of the
RNAi machinery [20]. Amino acid sequence alignment
revealed a close velationship between BGO-1, LeRDR1
and QDE-1. Three additional protein sequences were
retrieved from the C. elegans database that showed
substantial homology to the known RDRs. They were
designated the RNA-dependent RNA pelymerase family
genes 1-3 (RRF-1, RRF-2, RRF-3) [20,21]. Dictyostelium
discoidewm expresses three RDR genes — RipA, RrpB, and
DosA, which was recently renamed ErpC (http:/dictybase.
org). The D). discoiclerwm RDRs differ from other eukaryotic
RDRs in that they contain an N-terminal helicase domain
with high homalegy to the helicase demain of a Dicer
enzyme expressed in O elegans. The two dicer orthologues
of D). discoideum do not contain a helicase motif, and
therefore, domain swapping between these enzymes has
been suggested [22]. Only a single RDR orthologue, Rdp1,
is expressed in Schizosaccharomyces pombe. This enzyme
is essential for both RNA-mediated heterochromatin
formation and RNAi [23,24]. The current abbreviations
of the eukaryotic RNA-directed RNA polymerases are
summarized in Tables 1 and 2.

To specify RNA-directed RNA polymerases more
precisely, we suggest that the abbreviations RDR for
eukaryotic RNA-directed RNA polymerases and RdRp for

viral RNA-dependent RNA polymerases should be

adhered to. In addition, a species abbreviation can
he prefixed and a namber for each homologue should be
suffixed. However, there are no common rules to indicate
the systematic origin of a gene or its product. Thus, the
organism from which the gene or protein was isolated
needs to be indicated to complete the nemenclature,
Congistent with this terminelogy, the eukaryotic RNA-
directed RNA polymerases should be renamed as indi-
cated in Tables 1 and 2.

Apart from plants, RDRs cannot be classified
aceording to their function or to their conserved
amino acid sequence motils, For example in S. pombe,
the Rdpl is asseciated with both RNAi and RNA-
mediated heterochromatin formation (nuclear RNAi)
[24]. This is in contrast to plants, where the RDR2Z
and RDR6G are required for nuclear RNAi and PTGS,
respectively (see below). Thus, a name that reflected the
S. pombe enzyme functions needs to contain two
suffixed numbers and could be SpRDR2/6. Our multiple
sequence alignment using the ClustalW program (25]
(http:/iwww.ebi.ac.uk/clustalw, see Supplementary
material) revealed that the putative catalytic domain
containing the DLDGD motif {26] is highly conserved
among all identified RDRs {Box 2). However, within this
motif, the lysine appeared to be variable. For example,
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Tabie 1. Putative plant RNA-directed RNA polymerases identified by data base searches®

Gld abbreviation

Organism (plants)

LeRdRP {cDNA}

NtRJRP1 {cDNA)
NbRdARPim {cDNA}
RdRP-like (geromic DNA)
RdARP-like {ganomic DNA)
HdRP-like (genornic DNA)
AdRP-like {genomic DNA)
AdRP-like {genomic DNA)
AdRP-like {genomic DNA)

RdRP-like {genomic DNA}
RdRP {partial genomic
DNA)

AtRARP1 (RDR1} (cDNA)
RARP1 {cDNA}

RARP2 {cDNA)

RdRP-like {genomic DNA)
RdRP-like {partial cDNA)}
RdRP (partial cDNA)
LeRdRP2 {cDNA)}

RdRP2 (cDNA)

RDAR2 {cDNA}

RdRP-ike {cONA}
NiROR3 (cDNA)

RdRP {cDONA}

RDRE& (SDE1/SGS-2)
(cDNA)

RARP-like (genomic DNA)
RdARP-like {cDNA)
AtRDR3 {genomic BNA)
AtRDR4 {genomic DNA)
AIRDRS {genomic DNA)
RARP-like (cDNA)

RdRP-Itke [cDNA)

Lycopersicon esculentum
Niegtiana tabacum
Nicotiana benthamiana
Sclanum tuberosum
Selanum tuberosum
Solanum tuberosim
Solanum demissum
Selanum demissum
Solanum demissum

Solanum demissum
Petunia hybrida

Arabidopsis thaliana
Hordeum vulgare
Hardeum vulgare

Oryza sativa

Zea mays

Triticum aestivum
Lycopersicon esculentum
Nicotiana benthamiana
Arabidopsis thaliana

Oryza sativa
Nicotiana tabacum

Nicotiana henthamiana
Arabidopsis thaliana

Medicago truncalula
Oryza sativa

Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana

CGryza sativa

Oryza sativa

Putative function MNew ahbreviation Accession no,
Control of virus accumulation LeROR1 Y10403
Control of virus accumulation NtRDR1 AJO11676
NK {3’ end truncaled RDR1) NbRDR1 AY574374
NK StRDR1a AC151802
NI {3' end truncated RDR1) StRDR1b AY730334
NIC (5 and 3’ end truncated RDR1) StRDR1c AY730337
NK SdRDR1a AC149287
NIC{3 end truncated ROR1) SdRDR1b AC149291
NK {5 end extended RDR SdRDR1tc AC144791
containing internal and 3’ end

deletions)

NI (87 end truncated RDR1) SdRDR1d AC149288
NIC PhRDR1 AJO011979
Control of virus accumuiation AtRDR1 AC006917
NiC HvRDR1a AY500822
NI HvRDR1b AYS500821
MK OsRDR1 AP008208
NIK ZmRDR1 AY103827
NI TaRDR?Y AJ011978
NIK LeRDR2 Unpublished®
NiC NbRDR2 AY722009
De nova methylation, AtRDR2 AF080120
haterochromatin fermation

NK 0OsRDR2 ALGOBGE3
NK NIRDAG Unpublished®
NIC NbhRDRE AY722008
RNAG (FTG5] linitiation, AtRDRSG AF268093
maintenance biegenesis of

tasiRNAs)

NK MtRDR6 ALC143808
NK 0OsRDR6 AP004367
NK (contains a DFDGD insterd of  AtRDR3a At2g19910
the DLDGD signature)

NK {contains a DFDGD instead of AtRDR3b At2g19920
the DLDGD signature)

NK {contains a DFDGD instead of AIRDR3c At2¢19930
the BLDGD sigrature)

NK {contains a DFDGD instead of OsRDA3a NM_188258
the DLDGD signature} .

NK {eontains a DFDGD instead of OsRDR3b NM_18825%
the DLDGD signature) )

Abbreviation: NK, not known,
“See Supplementary material.

M. Wassenegger, unpublished data, see Supplementary material.

in N. crassa QDE-1, the lysine is replaced by a tyrosine.
A vecommbinant QDE-1 exhibits RNA polymerase activity
in vitro 1271, and endogenous QDE-1 is essential [or
quelling, which might indicate its close functional
relationship to plant RDR6G, which is indispensable [or
S-PTGS (see below). Thus, QDE-1 should be renamed
NcRDR6E. There are two additional categories of RDRs
that carry lysine substitutions: one category with a
methionine and a second with a phenylalanine substi-
tution (see Supplementary material). The first group
comprises three orthologues from different but closely
related fungi and the second is represented by three
Arabidopsis and two Oryza sativa orthologues. The
biological function of these proteins is not known. The
plant RDRs containing the DFDGD metil all cluster in
a phylogenetic group (see Supplementary material} and,
because of their high homology, they should be specified
as AtRDR3a-AtRDR3c¢ and OsRDR3a and OsRDRE3b,
respectively, rather than as AtRDR3- AtRDRS5, which is
currently the case for the Arabidopsis genes. To date,

www sciencedirect.com

only DLDGD-containing RDRs have been identified in
plants other than Arabidopsis and O. sativa.

Based on their function and the extensive homology
between the C. elegans RRF-1 and RRF-2 and between
the D. discoidewm rrpA and rrpB orthologues, these
genes should be termed CeRDR6u and CeRDRGb, and
DdRDR6a and DARDRG), respectively. It is difficult to
classify RDRs according Lo their function in non-plant
organisms, but, if known, the RDR function counld be
indicated by the suffixed number. The requirement of
RRF-1 and rrpA for RNAI [21,22] suggests a relation-
ship between these enzymes and plant RDR6. Thus,
RRF-1 and RRF-2 and rrpA and rrpB might be specified
as CeRDRBa and CeRDR6b, and DdRDR6a and
DARDREBL, vespectively. €. elegans EGO-1 resembles
8. pombe Rdpl (SpRDR2/6) in that this enzyme is
assoclated with RNAi in germline cells [20] and with
heterochromatin  assembly during meiosis [28]. In
accordance with the suggested updated nomenclature,
EGO-1 should be renamed CeRDR2/6.

;
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Table 2. Putative non-plant RNA-directed RNA polymerases identified by data base searches®

Oid abbreviation Qrganism (animals) Putative function New abbreviation Accession no.
RdRP-like {genomic DNA) Branchiostoma floridae NK BfRDR1 AF537961
RAF-3 Caenorhabditis elegans Reduction of RMAI sensitivity CeRDR1 NM_063312
EGO-1 Caenorhabditis elegans RNAI {germtine) CeRDR2/6 NM_059731
RAF-1 Caenorhabditis elegans RMNAI {somatic) CeRDRBa NiM_059730
RAF-2 Caencrhabditis elegans NK CeRDR6b NM_060656
Organism (fungi)
ROP-1 Schizosaccharomyces pombe RNAI, heterochromatin formation SpROR2/6 2985633
ROP-1 Diaporthe ambigua NK {conlains a DMDGD instead of DaRDR2 AY043072
the DLDGD signature}
RDP-1 Diaporthe perjuncta NI {contains 8 DMDGD instead of DpRDRZ AF468822
the DLDGD signature)
RDP-1 Phomopsis sp. CMW 5588 NIC {contains a DMDGD instead of P.spRORZ AF443073
the DLDGD signature)
Hypothetical protein Gibberella zeae PH-1 NS GzRDR1 XM_381758
Hypothetical protein Gibberella zeag PH-1 NIC GzRDR2 XM _388892
Rypothetical protein Gibberella zeae PH-1 NK (contains a DYDGD instead of GzRDRGa XM_384795
the DLDGD signature)
Hypothetical pretein Gibberella zeae PH-1 N¥ {contains a DYDGD instead of  GzRDRé&b XM_386680
the DLDGD signature)
RdRP-like (Sad-1) Aspergilius fumigatus MK AFfRDR2 XM_749834
RdRP Aspergillus fumigatus NK {contains a DYDGD instead of AFRDRBG XM_748603
the DLDGD signature)
Hypothetical protein Aspergilius nidulans NK ANRDR1 XM _655229
Hypotheticzal protein Aspergillus nidulans NK ANRDR?2 KM _657302
RdRP-like Neurospora crassa NI NeRBR1 BX284762
RARP-like (Sad-1) Netirospora crassa Suppressor of ascus dominance NeRDR2 XM _329367
QDE-1 Neurospora crassa RNAJ (quelling) [contains a McRDRB AJ133528
bYDGD instead of the DLOGD
signature)
Hypothetical protein Magnaporthe grisea NK MgRDR1 XM_369259
Hypothetical protein Magnaporthe grisea NK MgRDR2 XM_366672
rrpC Dictyostelium discoideumn Antisense RNA production DdRDR1 XM_635698
W. Nellen, personal
communication)
rrpA Dictyostelium discoideumn RNAI DdRDRBa XM_631001
rrpB Dictyostelium discoideum NK DdRDRBD XM_630171
RdRF-like Entamoeba histolytica NK FhRDR1 XM_646217

Abbreviation: NX, not known.
*See Suppiementary material.

Biological functions of eukaryotic RDRs
Post-transcriptional and virus-induced gene silencing in
plants

The discovery of PTGS [29,30] and RNA-mediated virus
resistance [31) in plants provided the first clues about
the role of RDRs. PTGS was occasionally observed in
plant lines carrying multiple copies of transgene
constructs. [n these lineg, a dramatic decrease in the
steady-state mRNA level was detected. Moreover, if the
transgene shared homology with an endogene,
expression of both pgenes was suppressed. This co-
suppression phenomenon was post-transcriptional and
based on a mechanism that we know today as an RNA-
mediated plant surveillance mechanism. The same
mechanism appeared lo become activated upon virus
infection of plants that expressed a transgene sharing
homology with the infecting virus [32]. In 1993, John A
Lindbo and co-workers [31] suggested a mechanism in
which an RDR copies the transgene RNA into small
complementary RNAs. These small antisense RNAs
would then hybridize with target RNAs, rendering
them non-functional, and the partially double-stranded
BNA (dsRNA) molecules would then be degraded by
RNases that specifically recognize dsRNA. Lindbeo’s
model was the first description of PTGS.
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- Invelvement of RDRs in initiation and maintenance of

PTGS and VIGS

PTGS and RNA-mediated virus resistance are closely
related mechanisms. PTGS is induced by a dsRNA trigger
that originates from an endogenous source, whereas RNA-
mediated virus resistance is related to virus-induced gene
silencing (VIGS). VIGS is initiated by dsRNA that is
derived [rom the replicating virus, representing an
exogenous source of trigger RNAs. In the case of PTGS,
the dsRNA trigger either originates [rom primary tran-
seription of a transgene that is rearranged during the
genome-integration process as an inverted repeat (IR) or
from artificial primary transcripts (abRNAs} of a sense
tranggene, abRNAs are assumed to accumulate over a
certain threshold during high sense transgene expression.
We suggest here that abRNA molecules preferentially
serve as a template for the plant RDR6. Recent studies
haveindicated that mRNAs lacking a cap structure become
exposed to an RDR [33]. However, non-polyadenylated
mRNAs might also be considered as aberrant and might
serve ag eflicient RDR substrates as well. In any case,
extensive primary transcription of transgenes would lead
to an accumulation of abRNAs that are transcribed into
dsRNA by RDRA. This hypothesis was substantiated by the
finding that in Arabidopsis, senge transgene-mediated
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Box 2. Evolution and origin of RNA polymerases

The broad representation of RDRs in eukaryotes, including Schizo-.
saccharomyces pombe, suggests that they originate in the genome
of the cemmon ancester of all modern eukaryotes. Howevet, the
funetion of these enzymes has been subsequently lest in several
eukaryotic lineages, for example, mammals. BDRs and DNA-
dependent RNA polymerases {CDRPs) share a homelogous catalytic
cora, the so-called double-psi--barrel (DPBB) {76]. in spile of the
differences between template-dependent and template-independent
polymerases, in all known cases the catalytic activity maps to a
single poiypeptide. It contains the signature motif DxDGD, which is a
characteristic metal-chelating active site [77-79]. Typically this active
site is composed of acidic or pelar amino acid residues that
coordinate divalent metal cations, in most cases Mg?*. The metal
cations direct & 5’ nucleoside triphasphate to form a phosphoester
bend with the 3' hydroxyl group of the preceding nucleotide, with
the elimination of pyrophosphate [78]. The primordial ROR, which
consisted primarily of the DPBB domain, miglht have evolved from e
comman ancester to the DDRP at an early stage of evolution, Il is
conceivable that the ultimate ancestor of RNA polymerases was a
RMA-binding DPBB domain that functioned as a co-factor for 2
polymerase ribozyme. Replacement of the ribozyme might have
cccurred when the DPBB acquired key residues that were required
for protein-based polymaerase activity [76].

The origin of other conserved motifs within the RDRs, and
accordingly the evolutionary scenario for RDRs, remains tess clear.
itis conceivable that eukaryotic RDRs and viral RdRps are {unrelated}
vestiges of an ancient DNA world tamed by DNA-based organisms or
surviving in selfish genetic elements such as viruses
and bacteriophages.

PTGS (S-PTGS) required AtRDRG activity whereas IR
transgene-mediated silencing (IR-PTGS) and RNA virus-
induced gene silencing cccurred in AtRDRB-deficient
plants [34]. dsRNA is processed into 21-bp small interfer-
ing RNAs (siRNAs) by one of the Dicer-like (DCL) RNases
III, predominantly by DCL4 [34,35]. As single strands,
these siRNAs are bound to AGOI1, a member of the
Argonaute protein family. The AGO1-bound siRNA hybri-
dizes with complementary RNA, thereby initiating clea-
vage of the target.

In addition %o the initiation step, efficient PTGS
requires a maintenance step that is based on RDRG-
mediated amplification of the dsBNA trigger (primary
dsRNA) or on generating secondary siRNAs. The PTGS
maintenance mechanism was identified in plants in which
silencing was locally initiated. Agroinfiltration with
transgene constructs or infection with movement-deficient
viruses, both resulted in localized productien of dsRNA
and in loealized initiation of silencing [36,37]. In these
types of experiments, silencing was found to spread from
the cells, into which the primary dsRNA-producing
construct was introduced (‘silencing inducer cells’), into
a constant number of surrounding cells (13+2) (‘siRNA
receiver cells’} [35,38]. Christophe Himber and co-workers
[38] suggested that the 21-nt siRNAs that are produced in
the ‘silencing inducer celis’ move from cell-to-cell via
plasmodesmata channels into neighbouring ‘siRNA
receiver cells’ where they target homologous ENA [or
cleavage (Figure 1). siRNA spreading was limited when an
endogene was targeted, which suggests progressive
dilution of the siRNAs and/or a highly controlled
mechanism of siRNA propagation. In contrast to this
limited cell-to-cell movement of silencing, extensive
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cell-to-cell movement of silencing occurred upon trans-
pene targeting. This type of spreading of silencing is based
on the production of secondary dsRNA. Importantly, in
C. elegans and in plants, dsRNA synthesis proceeds from
the siRNA/template binding sites into flanking sequences
(transitive silencing) [21,36,37,39,40]. In the first step,
and similar to limited spreading, the siRNAs move from
the ‘sileneing inducer cells’ into surrounding cells, thereby
initiating target RNA cleavage. In the second mainte-
nance step, franscripts of the transgene would not only
become a target for degradation, but would also serve as a
template for the RDR6 {Figure 1, abRNA (low)]). This step
might include priming by siRNAs given that this has been
detected in C. elegans [21]. However, in plants and
N. crassa, RDR-mediated production of secondary
dsRNA appears to also function in a primer-independent
manner [27,40,411. The secondary dsRNA is processed
into secondary siRNAs that bind to AGO1. Thus, a ‘siRNA
receiver cell’ becomes a ‘silencing inducer cell’ and the
secondary siRNAs could move over a further distance of
11--15 cells to re-initiate the same process, which finally
would lead to extensive cell-to-cell movement of silencing
(Figure 1). BExtensive cell-to-cell movement of the 21-nt
siRNAs would then proceed until physiological effects (e.g.
sink—source transition), morphological structures (e.g.
veins) or the wunavailability of the recently detected
silencing movement-deficient proteins (SMD1, SMD2
and SMD3} [35] impair further 21-nt siRNA movement
or function.

At present, it is not clear why transgene silencing is
associated with secondary dsRNA production and transi-
tive silencing whereas endogene silencing is generally not
associated with either process [40,42—44]. We suggest that
only primary transcription of transgenes invelves high
accumulation of abRNA and that RDR6 predominantly

_uses abRNAs as templates (Figure 1). Transgenes usually

do not contaimintrans and, therefore, ave not processed by
the spliceosome. During the splicing process, aberrant
endogenous transcripts might be efficiently eliminated
before being exported into the cytoplasm. By contrast,
{ransgene transcription does not invelve the spliceosome,
leading to accumulation of transgene-terived abRNA in
the cytoplasm. In support of this hypothesis, transgene
constructs that contained intren-less endogenous
sequences triggered PTGS and extensive cell-to-cell
movement of silencing [29,30,45,46). Thus, endogenous
sequences appear to resemble transgenes when trans-
formed into the plant genome using state-of-the-art
expression cassettes. These findings indicate that neither
the sequence context, for example, C/G content, nor the
level of transcription could account for the capacity to
maintain PTGS.

As an alternative to splicosome-mediated elimination of
abRNA, a mechanism in which abRNA production is
controlled by the transcription machinery could be
considered. State-of-the-art transgene expression cas-
settes usually contain viral- or Agrobacterium tumefa-
ciens-related regulatory elements, such as the cauliflower
mosaie virus 358 promoter, the nopaline synthase
promoter and nopaline polyadenylation signal sequences.
These elements can differ from plant regulatory elements




TRENDS in Plant Science Voi.11 No.3 March 2006 147

. Movement through .
Transgenic plant cell transgene-expressing celis Transgenic plant cell

Sacondary

21-nt siRMAs
Cap Lo -
poLa A "
1 ROR6 . poLg — s
_ Secondary E ; -
dsRNA T

B RESSISR_, * S e e

RORE

£ A é
@ P Sacondary “ Transgene :5
Pulative [rreme—— 21-nl siiiNAS S - 7
L ; bRNA bRNA o .
silencing signal Primary dsRNA a(iow) a(high) S g m———
ok - [ k\"\ Ao 7 A= T T T T T  idetvoe slant eell
G e ——
RMA component ) Y e—
of a putative
j i Henci i / . Secondar
skencing signal . » . ¥
Carrier protein ' g sig b /',«-\\L—/: e 1 e VR 2i-mSIRNAS
I\\ Transgene ;
%, | ~ - *
N R - s | ARRNATT [T S s
_ i :
- e ———
-
- -
- e A LI
P -~ DCLY Primary dsRNA
s PP . 1
i 2’4-nt’ . . i DNA melhylation 1
i / ; ¥ Helerochromatin formalion i —
: » . SIRNAs | —
;/ H T b — T
.o —
abRNA i i A
RMA component T . w {high} mRNA P \
\ of a putative ransgene + P
silencing signal Pol v 7 / A
5 ; Cap mmm————pA
* ¥ RDR2 4 mRMNA P 7

Xar abRNA /

Spliceosoms

e

Sacondary

/
S nuclear dsRNA S rorsrmrcrini
T e - T F\JEn(lnge}M o
Transgenic plant nucleus Wild-type plant nucleus

TRENDS in Plant Scienice

Figure 1. Mode! of the plant post-transcriptional gene silencing (PTGS) mechanism with a focus on the involverneat of RNA-directed RNA polymerases {RDRs). Primary
dsRNA initiates PTGS lindicated by "1* highlighted in red circle} and most of it is processed into 21-nt siRNAs by DCL4. The 21-nt siRNAs are loaded onto AGOT to target
complementary mBNA for cleavage. Targeting of mature mRNA would not recruit RDR6 activity. Thus, mRNA cleavage does not contribute to maintaining PTGS.
Maintenance of PTGS requires the production of abANA [abRNA {(low} to generate secandary siRNAs, Transgene transcription might be associated with abRNA praduction
because transgenes usually lack introns and are regulated by artificial regulatory etements. Artificial premoters might recruit incomplete transeription machinery {TM*},
Alternatively, lack of Intrens might prevent the elimination of abRNA by the spliceosome. If RDR6 only used abRNA as a template, the accumulation of abRNA but not of
steady-state mRNA, would be the most crucial step for maintaining PTGS. A pertion of the primary dsRNA enters the nucieus to initiate nuclear RNAL. The trigger could be the
dsRMNA itself or the 24-nt siRNAs that are produced from nuclear dsRNA by DCL3. The targeting of ceding regions by nuclear RNAT could affect the accuracy of Pol Il, leading to
frequent premature termination of transcription and thereby to enhanced generation of abRNA. Muclear RNAI involves dsRNA amplification that requires Pol IV and RDR2.
The resulting secondary nuclear dsRNA reinforces nuclear RNAi and probably provides the RNA componantof a putative silencing signal. The signal RNA could be bound to
a carrier protein, enabiing long-distance movement of the signal througheut the plant, Unloading the signal RNA into accompanying cells initiates PTGS. The RNA could be
either processed into siRNAs or directly ioaded onto AGO1. Upon targeting the abRNA, secondary sIRNAs would be synthesized to maintain PTGS. The 21-nt siRNAs move
threugh the plasmodesmata into neighbouring cells. In a transgene-expressing ceil, they associate with abRNA to prodice secondary siRNA. As aresultof this amplification
step, the siRNA concentration would stay constant in transgenic celis surreunding the ‘sitencing inducer cell’ (A, 110 9). in wild-type cells, no 2bRNA and no secondary siRNA
would be produeed. Thus, the siRNA concentration would dectine with the distance to the ‘sitencing inducer cell’ (B, 1 to 9). Likewise, ualoadad signal ANAs cannot mediate
secandary siRNA production. R&DM is orly initiated in the ‘silensing inducer celi’. However, RADM can be efficiently established in transgenic plants that have the potentialto
undergo spoatanecus silencing (S-PTGS). This might indicate that in S-PTGS ptants, a second abRNA threshold was reached [abRNA (high]]. A high abRNA concentration
would be required to initiate RDR6-mediated secendary dsRNA production (broken arrow). The dsRNA would enter the nucleus to induce nuclear RNAL Because nuclear
RMAI is essential for generating the signal RNA, only 5-PTGS-competent cells could re-initiate silencing sfgnai produgtion,

with respect to recruitment of transcription complexes. generated from abRNA templates {Figure 1). In other
Incomplete assembly of transcription complexes, as can words, the AGO1-siRNA complex targets both mRNA and
occur by using non-plant regulatory elements, could abRNA but RDR6 will be recruited enly in the case of
enhance abRNA production (Figure 1, ‘TM* versus abRNA. One can speculate that secondary siRNA pro-
“TM’}). In any case, accumulation of abRNA seems to be duction proceeds independently of any DCL activity given
essential for maintaining PTGS. Mature mRENA molecules that RDR6E directly produces small RNAs. N. crasse QDE-1
are targeted and cleaved but secondary dsRNA production (NcRDRS) performs two different reactions on single-
and transitive silencing seems to be inefficient. Thus, it is stranded RNA {ssRNA) templates, which supperts this
reasonable to assume that secondary dsRNA is only idea. Either extensive RNA chains forming template-length
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duplexes or ~9-21-nt RNA molecules are produced
in vivo [27].

RDR6-mediated silencing of endogenous genes

AtRDRS6 is also involved in the biogenesis of ‘endogenous
siRNAs' in Arabidopsis, which are genetically defined at
specific loci [47-49]. Like transgene-derived siRNAs, these
trans-acting siRNAs (tasiRNAs) targel transcripts for
cleavage in a process that involves AGO1 (TAS1 and
presumably TAS2) or AGO7 (TAS3) [47,60,51]. tasiRNAs
arise by phased, DCL4-processing of dsRNA formed by
AtRDR6 activity on RNA polymerase II transcripts
[35,48,49,52]. Functional redundancy exists among the
four plant DCLs [51,52], thus, tasiRNAs might also be
processed by DCL2 and DCL3. However, these alterna-
tively processed tasiRNAs can have relatively low or ne
cleavage activity on their targets [49,52]. tasiRNAs
meciate the cleavage of endogenous gene transcripts
that are important in the transition from a juvenile to
an adult phase of vegetative development before flowering
[52,53]. These data show that the RDR6 is not only
invaolved in transgene silencing and virus resistance but
also plays an important role in natural plant development.

Nuclear RDR activity

In addition to eyteplasmic PTGS processes, transgene-
mediated gene silencing, as well as virus and viroid
infections, can be associated with nuclear RNAI, including
RNA-directed DNA methylation (RdDM) and heterechro-
matin formation in plants [39,44,54,55]. RADM is based on
the presence of nuclear dsRNA. It seems likely that
primary dsRNA and secondary cytoplasmic dsRNA
triggers nuclear RNAI given that it is produced during
S-PTGS (Figure 1), Primary eytoplasmic dsRNA might, for
example, originate from viral RNA/RNA replication
intermediates. Importantly, we suggest that siRNA-
priming of abRNA waould not result in stable secondary
dsRNA production but would lead to direct generation of
secondary siRNAs. This would be implemented either
directly through RDRS or in an indirect process by
complete DCL-mediated cleavage of RDR6-produced
secondary dsRNA. It is conceivable that siRNA-primed
abRNA recruits a complex consisting of RDR6 and DCL4,
which would lead to immediate cleavage of the dsRNA
produced and would not allow the release of ‘free dsRNA'
that could enter the nucleus.

In the nucleus, the dsRNA ig processed into 24-nt
siRNAs, probably by DCL3 [583,56], and potentially also
into 21-nt siRNAs by another nuclear DCL homologue,
Plant DCLs have partially redundant functions, which
makes it difficult to assign the four plant DCLs to the
generation of either the 21-nt or the 24-nt siRNAs [53].
The 24-nt siRNAs are assumed to target homologous
regions for de novo DNA and histene H3 lysine 9
methylation [57,58] (Pigure 1, “Transgenic plant nucleus’).
Importantly, the nuclear ALRDRZ appears to be indis-
pensable for RADM in Arabidopsis [57], indicating that
the production of nuclear secondary dsRNA is essential,
However, the function of nuclear siRNAs in this process is
not fully understood. Upon hybridization to complemen-
tary nascent transcripts, the 24-nt siRNAs might enable
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RDRZ-mediated secondary dsRNA production. In plants, a

fourth’ DNA-dependent RMNA polymerase, Pol IV, was

recently found to be essential for nuclear RNAIi [59,60]."

Pol TV was suggested to be involved in the production of
secondary dsRNAs by directly transcribing methylated
DNA. The enzyme could be guided by the 24-nt siRNAs to
the target DNA. Pol IV transcripts could then serve as a
template for the RDR2 to generate the secondary dsRNA.
The secondary dsRNA, in turn, is required to enable
maintenance of RADM and histone modification [58].
There is indirect evidence that nuclear RNAi
contributes to PTGS [17]. It was suggested that dense
methylation of coding regions could provoke premature
termination of primary transcripbion, leading to
increased production of abRNA that would reinforce
PTGS [36] (Figure 1). However, in this context, in
contrast to transgene silencing, targeting of endogenous
coding regions is not {er only poorly) associated with
RdDM of the corresponding endogene [44]. Protection of
endogenous coding regions against methylation could be
based on low accessibility of nascent transcripts for
Pol IV and/or RDR2, which would affect secondary
nuclear dsRNA synthesis. Nascent transeripts of endo-
genes couid be shielded Ly components of the spliceo-
gome or the transcription machinery against
hybridization of siRNAs and/or against binding of a
putative RADM complex (Figure 1, ‘Wild-type nucleus’).
As a consequence, nuclear dsRNA would not be
amplified, which would result in the absence or
inefficient de novo methylation and heterochromatin
formation of endogenous targets. However, endogenous
genes, for example fransposons, retroelements and 58
rDNA sequences appear to be silenced by nuclear RNAI
[18,611, indicating that nuclear RNAI contributes to
natural gene regulation at individual Toci. At present, it

~is not clear why some endogenes are targets for nuclear

RNAI whereas athers are not.

As in plants, nuclear RNAI also mediates heterochro-
matin assembly in 8. pombe. The RNA-induced initiator of
transcriptional gene silencing (RITS) effector complex
guides siRNAs to homologous DNA te initiate heterc-
chromatin formation [62—64]. This mechanism requires
the single 5. pombe RNA-directed RNA polymerase Rdpl
(SpRDR2/6). Rdrl {SpRDR2/6) executes its function as a
component of the RNA-directed RNA polymerase complex
(RDRC), which contains two highly conserved proteins,
the putative RNA helicase Hrrl and Cid12, a member of
the polyA polymerase/2’-5'oligoadenylate synthetase
family of proteins. The RNA template-dependent RNA
polymerase activity of RDRC requires siRNAs and
association with RITS. RDRC-RITS assembly and associ-
ation with target sequences is, in turn, dependent on Dicer
{Derl) and the Clr4 histone H3 lysine 9 methyl-
transferase [65].

Involvement of RDRs in long-distance spreading

of silencing

In addition to limited and extensive cell-to-cell movement
of silencing, PTGS can be associated with long-distance
spreading of silencing [35-39,45,46]. Himber and co-
workers [38] proposed a model in which a putative




silencing signal, that either contains or consists of 24-nt
siRNA, moves throughout the plant vascular system
(Figure 1). In the silencing signal-receiving cells, the
production of secondary siRNA would be initiated by the
priming of abRNA. 24-nt siRNAs are produced cnly in
the nucleus of ‘silencing inducer cells’ but not in ‘siRNA
receiver cells’, which shows that ‘silencing signal receiver
cellg’ are not capable of re-initiating the process that leads
to the production of the putative silencing signal. The 24-
nt siRNAs are probably rctained in the phleem or
companion cells, Thus, 24-at siRNA-mediated generation
of 21-nt siRNAs can only oceur in or near the vasculature.
Frank Schwach and co-workers [66] reported that in
Nicotigna benthamiang, RAR6 (NDRDRE) is required for
the cell to respond to the silencing signal, but not to
produce or translocate it. This finding is consistent with
the view that the RNA component of the signal would only
initiate RDR6-mediated generation ol secondary siRNA by
priming abRNA. We suggest that silencing signal pre-
duction requires a second threshold of abRNA fo be
exceeded [Figure 1, abRNA (high)} because it would
occur in transgenic plants displaying spontaneous PTGS
{46,671, In case of a high abRNA concentration, the RDR6
would mediate un-primed synthesis of ‘free dsRNA’ that is
capable of entering the nucleus where it could initiate the
generation of the RNA component of the silencing signal.

The above hypothesis of long-distance spreading of
silencing appears to be plausible and comprehensive.
However, two studies on movement of silencing signals
have revealed no correlation between the accumulation
of 24-nt siRNAs and long-distance spreading of
silencing [68,69]. Thus, RNA mclecules other than
siRNAs should be considered as components of the
putative silencing signal. A virus-encoded suppressor of
long-distanece spreading of silencing (2h) is localized to
the nucleus and interferes with de novo DNA methyl-
ation [70], indicating that the RNA silencing signal is
produced in the nucleus. As suggested above, secondary
siIRNA synthesis might not be associated with the
production of dsRNA that can be translocated into the
nucleus. Thus, nuclear RNA] will be initiated in neither
‘5iRNA receiver cells’ nor in ‘silencing signal receiver
cells’, which would explain the deficiency in producing a
silencing signal.

Control of virus accumulation

In N. tabacum and Arabidopsis RDR1 knockout plant
lines, sensitivity against infection with various viruses
was increased {5,14]. The virus RNA accumaulated to
significantly higher levels and disease symptoms
appeared to be more severe than in wild-type plants. In
addition, a potato virus X strain that did not spread in
wild-type tobacco became systemic in the NtEDRI1-
deficient tine [6]. Although it is not clear how virus
accumulation is controlled, one can speculate that RDRI
preferentially uses the RNA of certain viruses as a
template to generate siRNA-like molecules. Loading the
siRNA-like RNAs onto an AGO protein might then trigger
virus RNA cleavage. This hypothesis is consistent with the
observation that in the Arabidopsis AtRDRI mutant, the
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turnover of viral RNAs occurred at a substantially lower
rate than in wild-type plants [14].

RDR6 has also been shown to play a role in
mediating virus resistance [18,66,71,72]. RDR6-deficient
Arabidopsis plants that were infected with various
viruses showed an enhanced susceptibility to cucumber
mosaic virus (CMV) only [18,71}], CMV, in contrast to
other RNA viruses, might produce a putative aberrant
RINA species that could serve as template for RDR6 Lo
produce secondary dsBNA. Schwach and co-workers
[66] found that in N. benthamienag, RDRE is involved in
defence against potato virus X (PVX) at the level of
systemic spreading and in excluding the virus from the
meristem, RDR6 appeared to use the RNA component
of the silencing signal to produce secondary siRNAs.
This implies that the spread of the silencing signal and
the generation of secondary siRNAs precede systemic
PVX infection. In other words, in new developing leaf
and meristem cells, the RNA silencing mechanism
becomes activated before virus invasion. The hypothesis
was recently supported when RDR6-deficient
N. benthamicna plants were infected with various
viruses at different growth temperatures [72]. At 21°C,
RDR6-deficient plants showed enhanced susceptibility
to PVX only compared with wild-type plants. However,
at 27°C, much higher levels of turnip crinkle virus
(TCV) and tobacco mosaic virus (TMV) accumulated in
RDR6-deficient plants bui not in wild-type plants. High
levels of virus accumulation correlated with the
development of severe symptoms and were, at least
for TMV, associated with invasion of the meristem.
Feng Qu and co-workers [72] have confirmed previous
data demonstrating that the RNA-mediated silencing
mechanism of plants is involved in virus defence and

that this mechanism is enhanced at higher {empera-

tures [73]. Im addition, they showed that the tempera-
ture-dependence was correlated with RDRG activity.

Concluding remarks

RDRs play an important role in different cellular
processes. We are just beginning to understand the
complexity of how these enzymes are implicated in the
regulation of gene expression. They are involved in
transcriptional, post-transcriptional and translational
processes and act in the cytoplasm as well as in the
nucleus. Extensive genetic and biochemical analysis will
be necegsary to further elucidate the mechanistic
funetion and the protein structures of this class of
RNA-producing enzymes. A focus should be placed on
the characterization of the substrate specificity and on
the identification of components that associate
with RDRs.

Acknowledgements

A part of the work was supported by the German Research Society in the
frame of the Priority Program ‘Epigenetics’ {DFG Schwerpunktpro-
gramm, SPP 1129 Epigenetics) and by the EU Specific Target Research
Program (STERP), FOSRAK {Proposal no.: §120).




150

Supplementary data
Supplementary data associated with this article ean be
found at doi:10.1016/j.tplanis. 2006.01.003

References

1

2

oo

[

-1

o

w

10

11

12

1

o

14

=
o

16

17

18

19

2

21

22

23

Astier-Manifacier, S. and Cornuet, P (1271) RNA-dependent RNA
polymerase in Chinese cabbage, Biochim. Biophys. Acta 232, 484493
Zabel, P, et al. (1974) In vitro replication of cowpea mosaic virus RNA.
I. Isolation and properties of the membrane-bound replicase. J. Virol.
14, 1049-1005

Darssers, L. et af. (1984) Purification of cowpea mosaic virus RNA
replication complex; identification of a virus-encoded 110,000 dalton
polypeptide responsible for RNA chain elongation, Proe, Natl. Acad.
Sei. U 8. AL 81, 1551-194556

Khan, Z.A. et al. (1986) RNA-directed RNA polymerases from healthy
and from virus-infected cucumber. Proe. Natl, Acad. Sci. U. S. A. 83,
23832388

Kie, Z. ef al. (2001) An important role of an inducible RNA-dependent
RNA polymerase in plant antiviral defense. Proc. Naitl. Acad. Sei. U, S.
A. 98, 6516-6521

Tabler, M. and Tsagris, M. (2004) Vireids: petite RNA pathogens with
distinguished talents, Trends Plani Sci. 9, 330-348

Schichel, W. ef «f. (1923) RNA-directed RNA polymerase from tomato
leaves. I. Purification and physical properties. oJ. Biol. Chem. 268,
11851-11857

Schiebel, W. et of. (1998) [solation of a RNA-directed RNA polymerase-
specific ¢cDNA clone from tomate leafitissue mRNA. Plant Cell 10,
2087-2101

Schiebel, W. et af. (1993) RNA-directed RNA polymerase from tomato
leaves. II, Catalytic in vitro properties. J. Biol. Chem, 268,
11858--11867

Flaruna, L ef al. (1963} An RNA “replicase” induced by and selsctive
for a viral RNA: isolation and preperties. Proc. Natl. Acad. Seci. U, S, A.
50, 905911

Weissmann, C. ef af. (1963) Induction by an RNA phage of an enzyme
catalyzing incorporation of riborucleotides into ribenucleic acid, Proc,
Nuil. Acad. Sei. U. 8. A. 49, 407-414

Fraenkel-Conrad, H. (1986) RNA-directed RNA pelymerases of plants.
Crit. Res. Plant Sei, 4, 213-226

Xie, Z. et al. (2004) Genetic and functional diversification of small RNA
pathways in plants. PLoS Biol. 2, 06420652

Ya, D. et ol {(2003) Analysis of the involvement of an inducible
Arabidopsis RNA-dependent RNA polymerase in antiviral defense.
Muol. Plunt-Microbe Interact. 16, 206-216

Yang, S-J. ef af. {2004} A natural variant of a host RNA-dependent
RNA polymerase is associated with increased susceptibility to viruses
by Nicotiena benthamiena. Proc. Natl, Acad. Sei. U. 8. A, 101,
62976302

Cogoni, C. and Macino, G. (1999) Gene silencing in Neurospora crasse
vequires a protein homologous to RNA-dependent RNA polymerase.
Neture 399, 166-169

Dalmay, T. ef al. (2000) An RNA-dependent RNA polymerase gene in
Arabidopsis is rvequired for posttranscriptional gene silencing
mediated by a transgene but not by a virus. Cell 101, 543-553
Mourrain, P ef al. {2000) Arabidopsis SGS2 and SGS3 genes are
required for posttranscriptional gene silencing and natural virus
resistance. Cell 101, 533-542

Qiao, L. et af. (1995) Enhancers of gip-1, a gene required for cell-
signaling in Cacnorhabditis elegans, define a set of genes required for
germline development. Genetics 141, 551-569

Smardon, A. et al. (2000) BEGO-1 is related to RNA-directed RNA
polymerase and functions in germ-line development and RNA
interference in C. elegans. Curr. Biol. 10, 169-178

Sijen, T. ef af. (2001) Cn the role of RNA amplification in dsRNA-
triggered gene silencing, Cell 107, 465-476

Martens, . et af. (2002) RNAI in Dictyostelium: the role of RNA-
directed RNA polymerases and double-stranded RNase. Mol. Biol.
Cell 13, 445-483

Volpe, T. el al. {2002} Regulation of heterachrematic silencing and
histone H3 lysine-9 methylation by RNAI. Sefence 297, 1833-1837

www.sciencedirect.com

24

=]
i |

30

31

33

34

36

37

38

38

40

41

42

43

44

44

47

48

TRENDS in Plant Science Vol.11 No.3 March 2008

Sigova, A. ef al. (2004) A single Argonaute protein mediates both
transcriptional and pesttranscriptional silencing in Sehizosacchar-
omyces pombe. Genes Dev. 18, 2359-2367

Thempsen, J.D. et «l. (1997) The CLUSTAL X windows intevface:
Aexible strategies for multiple sequence alignment aided by quality
analysis teols. Nucleic Acids Res. 25, 4876-4882

Makeyev, E.V. and Bamford, D.H. (2002) Cellular RNA-dependent
RINA polymerase involved in postiranscriptional gene silencing has
twe distinct activity modes, Mof, Cefl 10, 1417-1427

Forrest, E.C. et af. (2004) The ENA-dependent RNA polymerase,
QDE-1, iz a rate-limiting factor in post-transeriptional gene silencing
in Neurospora crasse, Nucleic Acids Res. 32, 2123-2128

Maine, EM. ef «l. (2005) EGO-1, a putative RNA-dependent RNA
polymerase, is required for heterochrematin assembly on unpaired
DNA during C. elegans meiosis. Curn Biol. 16, 1972-1878

Napoli, C. et al. {19907 Introduction of a chimeric chalcone synthase
gene inte Petunia vesults in reversible co-suppression of homologous
genes in trans. Plant Cell 2, 279289

Van der Krol, AR. et f. {1880} Flavonoid genes in Pefunia: addition of
a limited number of gene copies may lead to a suppression of gene
expression. Plant Celf 2, 291-299

Lindbo, J.A. ef al. (1993) Pathogen derived resistance to potyviruses:
working, but why? Semin. Virol. 4, 369-379

Lindho, J.A. et af. {1993) Induction of a highly specilic antiviral state
in transgenic plants: implications for regulation of gene expression
and virus resistance. Plant Cefl 5, 17481759

Gazzani, S. et af. (2004} A link between mRNA turnover and RNA
interference in Arabidopsis. Science 308, 1046-1048

Béciin, C. ¢t of. (2002} A branched pathway for transgene-induced
RNA silencing in plants. Cure Biol. 12, 684-G88

5 Dunoyer, P et al. (2006) DICER-like 4 is required for RNA interference

and produces the 21-nacleotide small interfering RNA component of
the plant celi-to-cell silencing signal, Nat. Genet. 37, 1356-1360
Voinnet, O. ef af. (1998} Systemic spread of sequence-specific
transgene RNA degradation in plants is initiated by localized
introduction of ectapic promotorless DNA. Cell 95, L77-187

Voinnet, O. ¢t af. (2000} A viral movement protein prevents spread of
the gene silencing signal in Nicotiona benthamiana. Cell 103, 167-167
Himber, C. et &, (2003) Transitivity-dependent and -independent cell-
to-cell movement of RNA silencing. EMBO J. 22, 4623-4533

Vaistij, F. et af. (2002) Spreading of RNA targeting and DNA
methylation in RNA silencing requires transcription of the target
gene and a putative RNA-dependent RNA polymerase. Plant Cell 14,
867-867 ’

Petersen, B.O. and Albrechtsen, M, (2005) Evidence implying only
unprimed RARP activity during transitive gene silencing in plants.
Plant Mol, Biol, 58, 575-583

Tang, G. et af, (2003) A biochemical framework for RNA silencing in
plangs, Genes Dev. 17, 49-63

Sanders, M. ef al. (2002) An active role for endogenous [i-1,3-glucanase
genes in transgene-mediated co-suppression in tobacce. EMBO J, 21,
5824-5832

Rauiz, M.T e ¢f. (1998) Initiation and maintenance of virus-induced
gene silencing, Plané Cell 10, 937-946

Jones, L. et af. (1999) RNA-DNA interactions and DNA methylaticn
in post-transcriptional gene silencing, Plant Cell 11, 22812301
Palauqui, J.C. et al. {1997) Systemic acquired silencing: transgene-
specific post-transcriptional silencing is transmitted by grafting from
silenced stocks to non-silenced scions. EMBO J. 16, 47384745
Palaugui, J.C. and Balzergue, S. (1999) Activation of systemic
silencing by localised introduction of DNA. Curr. Biol 9, 59-66
Peragine, A. et &, (2004} SGS3 and 3GS2/3DEVEDRG are required for
juvenile development and the production of trans-acting siRNAs in
Arabidopsis. Genes Dev. 18, 2368-2379

Vazquez, F. et af. (2004) Endogenous trans-acting siRNAs regulate the
accumulation of Arabidopsis mRNAs. Mol. Cell 16, 6879
Yoshikawa, M. ef al, {2005) A pathway for the biogenesis of trans-
acting siRNAs in Arabidopsis. Genes Dev, 19, 2164-2175

Allen, B, et af. (2005} micraRNA-directed phasing during trans-acting
siRNA biogenesis in plants. Cell 121, 207-221

Vaucheret, H. (2005) MicroRNA-dependent trans-acting siRNA
production. Sci. STKE 300, ped3




o

59

60

61

63

G4

G6

Xie, Z. e «l. (2005) DICER-LIKE 4 functions in frans-acting small
interfering RNA biogenesis and vegetative phase change in Arabi-
dopsis theliana. Proc. Natl. Acad. Sei, U, 5, A 102, 12984-12989
Gasciolli, V. et al. {2005) Partially redundant functions of Arabidopsis
DICER-like enzymes and a role for DCL4 in producing trans-acting
siRNAs. Curr. Biol, 15, 1-7

Wassenegger, M. {2000} RNAdirectsd DNA methylation. Plani Mol,
Biol. 43, 203-220

Mathieu, 0. and Bender, J. (2004) RNA-directed DNA methylation,
J. Cell Sci. 117, 48814888

Hamilton, A. ef «f. (2002) Two classes of short interfering RNA in RNA
silencing, EMBQO J. 21, 46714679

Chan, S WL, et @f. (2004) RNA silencing genes control de novo DNA
methylation. Science 303, 1336

Wassenepger, M. (2005) The role of the RNAi machinery in
heterochromatin formation, Cefl 122, 13-16

Herr, AJ. ¢t al. (2005) RNA polymerase IV directs silencing of
endogenous DNA. Scignce 308, 118-120

Cnodera, Y. et ¢f. (2005) Plant nuclear RNA poelymerase TV mediates
siRNA and DNA methylation-dependent heterochromatin formation,
Cell 129, 613-622

Lippman, Z. et al. (2003) Distinet mechanisms determine transposon
inheritance and methylation via smail interfering BRNA and histone
modification. PLo8 Biof. 1, 420—428

Grewal, S.1.3. and Rice, J.C. {2004) Regulation of heterochrematin by
histone methvlation and small RNAs, Curr: Opin. Cell Biol. 16,
230-238

Noma, K et al. {2004) RITS acts in cis to promote RNA interference-
mediated transcriptional and post-transcriptional silencing. Nai
Clenet. 36, 1174-1180

Cam, H.P. ¢t . {2005) Comprehensive analysis of heterochrematin-
and BNAi-mediated epigenetic control of the fission yeast genome.
Nat, Genet. 37, 802-819

Motamedi, B. et af. (2004) Two ENAI complexes, RITS and RDRC,
physically interact and localize to noneoeding centromeric RNAs. Cell
119, 789-802

Schwach, T et af. (2005) An ENA-dependent RNA polymerase
prevents meristem invasion by potato virus X and is required for the

TRENDS in Plant Science Vol 11

67

68

69

70

71

72

73

7

iy

7

o

76

7

-3

8

79

No.3 March 2006 191

activity but not the procduction of a systemic silencing signal. Plant

Physiol. 138, 1842-18562

Lechtenberg, B. ef al. (2003) Neither inverted repeat T-DNA

configurations nor arrangements of tandemly repeated transgenes

are sufficient to trigger transgene silencing. Plant J. 34, 507-517

Mallory, A.C. et al, {2003) The capacity of transgenic tobacco to send a

systemic RNA silencing signal depends on the nature of the inducing

transgene locus. Plant J. 35, 82-92

Garcia-Pérez, R.D. ef al. {(2004) Spreading of pest-transcriptional gene

silencing along the target gene promotes systemic silencing. Plant J.

38, 594602

Guo, H.S, and Ding, 5.W. (2002) A viral protein inhibits the long range

signaling ar.tivity of the gene silencing signal, EMBO . 21, 398-407
Daimay, T. et af. (2001) SDE3 encedes an RNA helicase requirved for

post-transcriptional gene silencing in Argbidopsis. EMBO J. 20,

20692077

Qu, T et af. (2005) RDRG has a broad-spectrum but temperature-

dependent antiviral defense role in Nicotiana benthamiena. J. Virol.

19, 15209-15217

Szittya, G. ef al. (2003) Low temperature inhibits RNA silencing-

mediated defence by the control of siRNA generation. EMBG J. 22,

633640

Butcher, 8.J. et af. {2001} A mechanism for initiating RNA-dependent

RNA polymerization. Nelure 410, 236-240

Laurila, M.R. ef al. (2002) Bucteriophage #6 RNA-dependent RNA

polymerase: molecular details of initiating nucleic acid synthesis

without primer. J. Biol. Chem, 277, 17117-17124

Iyer, L.M. ef af. (2003) Evolutionary connection hetween the catalytic

subunits of DNA-dependent RNA polymerases and eukaryotic RNA-

dependent RNA polymerases and the ovigin of RNA polymerases.

BMC Struct. Biod. 3, 1-23

Cheetham, G.M. and Steitz, 1'A. (2000} Insights into transcription:

structure and function of single-subunit DNA-dependent RNA

potymerases, Curr. Opin. Stroct, Biol. 10, 117-123

Steiz, T.A. (1998) A mechanism for all pelymerases, Nature 391,

231-232

Cramer, P. {2002) Multisubunit RNA polymerases. Cuerr Opin, Struct.

Biol, 12, 85-97

Plant Science meetings in April 2006

SEB Annual Main Meeting
2-7 April 2006
. Canterbury, UK
' http fhwwy, seblology org/Meetings/pageview.asp?S=2&mid=88.

3rd Internatlonal Conference on Legume Genomics and Genetlcs
9-13 April 2006~
~ Brishane; Australia-
http AW, ictag3.oral.

Keystone Symposmm Plant Responses to Abiotic Stress
' 13-18 April 2006
Copper Mountain, CO, USA
“http: /.fwww keystonesymposia.org/Meetings/ViewMeetings. cfrn?Meetmng 792 )

VIl International Symposium of Plant Biotechnology
17-21 April 2006
Santa Clara, Cuba
http /simposio.ibp.co.cufenglishfindex.php .

Breeding for Success: Diversity in Action (13th APBC)
18-21 April 2006
Christchurch, New Zealand -
http:ifevents.lincoln.ac.nz/apbef

www.sciencedirect.com

:
i
;
i
:
|
|
|
|



